Purpose Tests on animals of different species with large differences in intervertebral disc size are commonly used to investigate the therapeutic efficacy of intravenously injected solutes in the disc. We hypothesize that disc size markedly affects outcome. Methods Here, using a small non-metabolized molecule, glucosamine (GL) as a model solute, we calculate the influence of disc size on transport of GL into rat, rabbit, dog and human discs for 10 h post intravenous-injection. We used transient finite element models and considered an identical GL supply for all animals. Results Huge effects of disc size on GL concentration profiles were found. Post-injection GL concentration in the rat disc reached 70 % blood concentration within 15 min but remained below 10 % in the human disc nucleus throughout. The GL rapidly penetrated post-injection into smaller discs resulting in homogeneous concentrations. In contrast, GL concentration, albeit at much lower levels, increased with time in the human disc with a small outward flux at the annulus periphery at longer periods. Conclusions Changes in the disc size hugely influenced GL concentrations throughout the disc at all regions and times. Increases in administered dose can neither remedy the very low concentration levels in the disc center in larger human disc at early post-injection hours nor alter the substantial differences in concentration profiles estimated among various species. The size effect will only be exacerbated as molecular weight of the solute increases and as the endplate calcifies. Extrapolation of findings from animal to human discs on the efficacy of intravenously administered solutes must proceed with great caution.
Introduction
Intervertebral discs of various species are routinely used in vivo to investigate the therapeutic efficacy of different treatment modalities following intravenous injection. Pharmacokinetics of various solutes have been examined in a wide range of species from animals as large as horses [1, 2] to sheep [3, 4] , dogs [5, 6] , rabbits [7] [8] [9] and finally to animals as small as rats and mice [10, 11] . Apart from inherent inter-and intra-species differences in cell type, tissue composition and mechanical properties, there is a huge difference between the disc sizes among these species. For example, the mean disc total cross-sectional area and height vary respectively from 1,727 mm 2 and 11.3 mm in humans to 73.4 mm 2 and 1.42 mm in rabbits and to as low as 1.19 mm 2 and 0.24 mm in mice tails [12] , exhibiting two to three order differences in scale.
Solutes of molecular weights up to around 1-2 kDa, encompassing solutes such as drugs, gadolinium compounds as well as nutrients and metabolites are transported from the blood supply to the disc center mainly by diffusion as shown both by experiment and by modeling [13] [14] [15] [16] . Animal studies are typically used to test and characterize effects of such solutes on disc behavior [3, 5] . In a recent study on the transport of solutes into a human lumbar intervertebral disc after intravenous injection, despite identical serum profiles, substantial differences in concentrations across the disc regions were computed when disc geometry was altered only by ±10 and ±20 % [17] ; as shown above, size differences between human and animal discs are vastly greater than 20 %. We hypothesized that substantial differences in concentration profiles would arise because of inter-species differences in disc size and this study investigates the magnitude of these differences.
Here we have carried out a computational study on glucosamine (GL), having shown previously that computations can accurately predict experimental results in animals and man [17] [18] [19] . We have chosen GL as a model solute as it is a small thus its transport through the disc is mainly by diffusion [13, 15] and it is uncharged. Its rate of uptake by the cells is also very slow [20] and thus effects of cellular metabolism on concentrations in the disc are minimal. Moreover, it is a solute of interest as it is widely taken around the world as a dietary supplement for prevention and treatment of osteoarthritis (OA) though its effects are controversial [21] . In vitro it appears to exert chondroprotective effects, upregulating proteoglycan synthesis and inhibiting activity of agents involved in tissue degradation [22] . Achievement of therapeutic levels in the disc is more of challenge than into the articular joints as the discs are considerably thicker than articular cartilages. Moreover, the discs have no free surface in contact with synovial fluid and when small molecules such as GL are injected intravenously into the blood stream, they diffuse from blood vessels at the endplates and outer annulus periphery into discs with the transport being affected by pathological alterations to these pathways. Nevertheless, there is some interest in use of GL for treatment of back pain and disc degeneration [23, 24] .
Here we quantified the influence of inter-species variations in disc size on GL concentration profiles within the disc for 10 h following an intravenous injection using a transient finite element (FE) model. We calculated and compared GL penetration time-histories into the rat, rabbit, dog and human lumbar discs. The time-dependent concentration profiles at the surface of the disc, arising from the decay of GL concentration in the serum post-injection, were taken as identical for all species based on values reported in the literature [1, 5, 11, 25] . We hypothesized that substantial differences in concentration profiles would arise due to inter-species differences in disc size and that these differences would persist despite alterations in administered doses.
Methods

Finite element model
Each disc, presented as an axisymmetric model, is divided into four regions (nucleus NP, inner annulus IA, outer annulus OA and cartilaginous endplate CEP) with distinct properties. For the human disc, a L2-L3 lumbar disc is considered [26] (Fig. 1a) . Dimensions for the dog, rabbit and rat discs are taken from the literature assuming similar IA/OA and relative CEP thickness values (Fig. 1b-d) [12] . In cylindrical coordinates, the species transient diffusion equation is governed by Fick's law expressed, neglecting convection, as:
where R is the production or consumption rate, C is GL concentration in mg/L and D is GL diffusivity in m 2 /h while r and z are radial and axial coordinates. The rate of consumption of GL by cartilaginous cells, R, is very Fig. 1 Axisymmetric finite element models of species intervertebral discs, from top to bottom, human, dog, rabbit and rat consisting of 4 distinct regions with different properties: nucleus (NP), inner annulus (IA), outer annulus (OA) and cartilaginous endplate (CEP). Temporal variation of source supplies via blood vessels is prescribed at the outer annulus periphery and CEP as depicted by arrows for the human disc. The symmetry about the disc mid-horizontal plane is considered. Dimensions are all in mm low (*10 -11 mmol/h/patella in mice) [20] and hence is neglected here. The diffusion coefficient of GL, in the NP of humans was taken to be equivalent to that of glucose as these solutes have very similar molecular weights. Because of the notochordal cells and associated higher water content in NP of discs of the non-chondrodystrophoid dogs, rabbits and rats as compared to the human discs, D was calculated to be higher in these animal discs than in human discs (Table 1 ) [17] .
The normalized transient input supply source via the blood stream at the disc CEP and OA boundaries ( Fig. 1) is taken based on measurements as identical for all discs [1, 5, 11] . The intravenous administration of GL in rats and horses at 10-20 mg/Kg dose [1, 11] and at 500 mg single dose in beagle dogs [5] resulted in nearly similar plasma GL concentration profiles assumed here. The simulated concentration profile in the current work reaches its peak of 100 mg/L at 30 s post injection and drops thereafter to 4 mg/L at 10 h (Fig. 2) .
The blood-disc partition coefficient is taken in all models as 0.81 at the CEP boundary and 0.89 at the OA periphery [17, 26] , reducing thus the prescribed source at the disc boundary shown in Fig. 2 . The COMSOL FE package program is used to solve the present transient analyses (COMSOL, Inc., Burlington, MA, USA). After preliminary convergence studies using triangular elements with quadratic concentration field, meshes with about 33,000 elements in human disc, 22,300 in dog disc, 13,000 in rabbit disc and 16,000 in rat disc and a time increment of 1 s are used.
Since one of GL penetration routes is via the blood capillaries at the endplates, any disruption in the CEP exchange area alter its permeability and solute transport throughout the disc. In the current study, the CEP exchange area (Fig. 1) is taken either as 100 % (an idealized completely permeable interface) or 50 % (partially permeable, equivalent to that in a healthy animal [15] while that above the OA remains impermeable. The OA periphery is taken completely permeable in all cases [15] .
Results
Under identical concentration decay curves at boundaries (Fig. 2) , mean GL concentrations increased sharply in the rat disc in all regions post injection but then by 1-2 h began to fall up to 10 h post-injection following a trend similar to that of boundary concentrations (Fig. 3 ). This trend however was considerably dampened in larger discs and even disappeared in the human disc in the NP and IA (Fig. 3) . The concentration profiles along the disc radius showed that GL penetrated through the rat and rabbit discs relatively quickly and thereafter equilibrated with concentrations in the serum; concentrations remained almost constant across the disc after the first 15 min in the rat disc and 45 min in the rabbit disc, although decreasing as concentrations in the blood decayed (Fig. 4) . However, GL did not equilibrate across the larger discs within 10 h. Much lower concentrations relative to that in the serum and with greater gradients across the disc, were computed in dog (maximum 28 g/L at 4 h) and human discs (maximum 7 g/L at [7 h). Nearly similar variations were computed along the disc axis of symmetry (r = 0) (Fig. 5) .
When normalized to the corresponding disc volume, the initial post-injection penetrations into the smaller discs were much larger (Fig. 6 ). This trend however reversed with time especially at the CEP boundary where the inward flux dropped more rapidly in smaller discs. Via the OA periphery, the balance of GL that had entered into the disc remained always positive even though the flux changed direction to become outward at about 30 min in the rat disc, 60 min in the rabbit disc, 90 min in the dog disc and 2 h in the human disc. Via the CEP, however, the total GL entry became negative after 5 h in the rat disc and 9 h in the rabbit disc. [35] taking into account the high water content of notochordal discs of these animals The disc center is farthest away from the source supplies at boundaries and is hence the most critical point. There was a huge difference in GL concentrations at the disc center during the early hours post-injection between smaller rat and rabbit discs and larger dog and human discs (Fig. 7) . After the early peak at about 30 min, the concentration sharply dropped in rat and rabbit discs following the trend in source supplies. The GL concentration in the human disc, albeit small, increased throughout the 10 h period. Overall, the change in CEP exchange area had a small effect on results in smaller rat and rabbit discs but decreased the concentrations in the disc center in dogs and humans.
In the human disc, the CEP pathway played a more important role later in time (Fig. 8) . In contrast, it was far more important in the earlier few hours in smaller rat and rabbit discs; disc is supplied and nourished primarily through the endplates early after intravenous injection in small discs. The same pathway, however, depletes the solute later on after about 8 h post injection time when the boundary sources have diminished. The endplate route played a more important role at all times in the dog disc (Fig. 8) . Results here are influenced by the ratio of radius over height that is much larger in the rat and rabbit discs compared to that in the dog and human discs.
Due to the water content of the NP being greater in animal than in human discs, the GL diffusion coefficient was much larger in the NP of the animal discs than in the human NP (Table 1) . To investigate the relative effect of this coefficient as compared to the disc size in the human disc, an analysis was performed assuming an NP diffusion coefficient of 3.75 e -10 m 2 /s ( Table 1 ). The critical GL concentration in NP, IA and OA of the human disc increased however only by 10.5, 1.5 and 0.3 % suggesting that the significantly lower GL concentrations in the human disc are due primarily to the differences in the disc size rather than a lower NP diffusivity.
Discussion
Here we examined the effect of disc size on transport of GL into the disc following an intravenous injection calculated to provide an identical GL supply for the human, dog, rabbit and rat discs, as achieved in vivo by dosing animals according to body weight [1, 5, 11] . Results demonstrate the huge effect of inter-species changes in the disc size on GL concentration profiles. Even though concentrations of GL at the disc boundary were identical for both rat and human for example, for the rat, the GL concentrations all across the disc reached about 70 % of maximum concentrations in the blood supply within 15 min of injection (Fig. 3) , whereas in human discs, the GL concentrations were below 10 % in the NP up to 10 h postinjection. Thus while other factors which affect diffusivity such as age or matrix degeneration influence transport, disc size has an overriding effect on rates of solute transport into the disc from the external blood supply. The time-history as well as the concentrations were very different in the discs of different sizes. GL concentrations reached their peak in different disc regions at much greater values and much earlier times in the rat and rabbit discs followed by the dog disc and finally the human disc (Fig. 3) . In the disc center, the most critical location being farthest away from the GL supply (Fig. 7) , the peak concentrations occurred at 30 min, 1 and 4 h in rat, rabbit and dog discs while in the human disc the concentration, albeit at much lower magnitudes, continued to increase up to 10 h postinjection. The much smaller rat and rabbit discs saturated rapidly showing constant GL concentrations throughout the disc. These homogeneous concentration fields however fell with time and followed the decay in supply. At the other extreme, the GL concentrations in human and dog discs showed large variations in IA and OA at different times. Initially they were higher in the OA than the NP, but with time and decay in supply GL concentrations in the NP exceeded those in the serum, outer annulus periphery and the CEP interface. The time at which the flux reversed was much earlier in the rat (30 min) and rabbit (45 min) discs than in the dog (2 h) and human (4 h) discs (Fig. 6 ).
There are factors other than size affecting transport. Reduction in endplate permeability markedly influences transport into the disc [14, 17, 19] ; here we only examined the idealized case of 100 % CEP permeability and more physiological 50 % CEP permeability. Around 50 %, CEP permeability likely represents a normal young endplate in accordance with our earlier works which found no cell death with CEP permeabilities at and above 40 % permeability [19] and with experimental measurements [15] . On the other hand, the 100 % CEP condition is an idealized model and considered only to demonstrate the trends. The concentrations at the disc center decreased very little in rat (by 4 %) and rabbit (by 9 %) discs, but fall in CEP permeability to 50 % reduced GL levels by 15 and 24 %, respectively in dog and human discs (Fig. 7) . The much larger fall in GL concentrations predicted in the larger dog and human discs when the CEP was lowered from 100 to 50 % highlights the crucial, more pronounced, role of CEP calcification and other endplate irregularities on penetration of solutes from the blood supply into larger discs. Deformation due to mechanical loading, not considered in this study, could also influence transport rates though to far smaller extents than those found here due to changes in disc size. Few hours of static loading have been found in vivo to inhibit transport [27] . Model studies of transport accounting for solute convection generally indicate minor effects in static compression [13, [28] [29] [30] [31] but either negligible [29] or moderate [30, 31] effects under cyclic compression loads.
As the same concentration of a drug or agent in the serum results in very different concentration-time courses in different animals, transferring results of in vivo tests on animals to man is problematic in studies such as those on antibiotic penetration into discs. Concentrations of tobramycin and clindamycin (both positively charged) in the nucleus of rabbits dosed intravenously in vivo, exceeded 50 % serum concentrations [7] in line with results shown here (Figs. 4, 5) . However, in the larger sheep discs, concentrations of cephazolin (negatively charged) were consistently below therapeutic values [3, 4] . While the charge of solutes is clearly important [15, 17] negatively charged solutes are not completely excluded from the disc, rather their concentration will be around 30 % lower than the equivalent neutral solutes [32] . The low concentrations seen in the sheep and even lower concentrations found in human NP [3] are mainly because of disc size rather than solute charge. Transport of agents other than drugs into the disc from the blood supply is now also of interest because of the potential danger arising from injecting directly into the disc itself [26] . The results of this study thus highlight the substantial effect of species disc size on transport of solutes from the blood supply. The vastly different concentration histories could lead to substantial differences in cellular activities of bioactive molecules and, in support of earlier warnings [33] , cast doubt on attempts to extrapolate findings of studies on animals with much smaller discs, to human discs.
It should be noted that size differences between human discs of different ages and at different spinal levels also influence penetration of drugs or other agents into the disc. The same concentration of drug in the serum will produce much higher concentrations in the smaller thin cervical discs than in the larger lumbar discs, or in discs of children relative to those of adults. In this regard we have shown that even moderate changes in the human lumbar disc size of ±10 and ±20 % substantially influenced the cephazolin penetration at all times everywhere in the disc [17] . Changes in the disc occurring as the result of degeneration, such as loss of endplate permeability [34] and matrix compaction as the result of aggrecan loss [29] , will further exacerbate effect of disc size on concentrations of solute reaching the disc from the blood supply. In very degenerate discs, with vascular invasion [34] , solute transport could be very rapid leading to very different concentration levels and time-courses than those following diffusion laws. These size and degeneration differences need to be taken into account when designing drug regimens for the disc.
We used identical source supply at EP and outer AF boundaries for the human, dog, rabbit and rat discs (Fig. 2) in accordance with post-intravenous injection measurement of GL concentration in plasma in studies using doses proportional to body weight [1, 5, 11] . Due to the linear relationship between the source input and concentration values, any changes in administered dose are expected to proportionally shift up or down the computed concentrations at all times. The temporal trends would nevertheless remain unchanged irrespective of the dose. In other words, any increase in the GL dose in larger human disc will not alter the concentration profiles to look alike those in smaller rat discs. As an example, huge increase in dose is needed to yield even noticeable concentrations in the early post-injection hours at the NP center in the human disc (Fig. 7) . For this reason, changes in the administered dose by itself cannot remedy the very low concentrations found in larger discs.
In summary, we computed the effects of disc size on penetration of GL from the blood stream into the disc. We ignored some factors such as mechanical stress, as the aim was to compare effects of disc size only, under identical boundary conditions. Our calculations demonstrate that changes in the disc size hugely influenced the GL concentrations throughout the disc at all regions and times. Increases in administered dose can neither remedy the very low concentration levels computed in the disc NP in larger human disc especially at early post-injection hours nor alter the substantial differences in concentration profiles estimated among various species. While we only examined the influence of size on a small molecule, GL, the size effect will only be exacerbated as molecular weight of the solute increases and as the endplate calcifies. These results call for caution when attempting to extrapolate findings on discs of different animals to the human discs.
